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Abstract 
We investigate the electronic structure of Mn-doped ZnS nanocrystals using empirical tight-binding calculation. Such 

nanocrystals have been identified for many applications such as LEDs, electroluminescence devices, and sensors. By numerically 
solving the tight-binding Hamiltonian for wave functions and energies in the basis of linear combinations of atomistic orbitals, we obtain 
the electrons and holes energy levels, as well as the energy gap as the Mn doping concentration increases. Our results agree very 
well with other tight-binding calculations, and consistent with those from experiments. In particular, the energy gap decreases as the 
Mn doping concentration increases, with the results being more pronounced for smaller nanocrystal sizes. 
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Introduction 
ZnS is a luminescent material that has been used for many 
applications such as light-emitting diodes (LEDs), 
electroluminescence devices, flat panel displays, sensors, lasers, 
infrared windows, solar cells and bio-devices [1]. The absorption 
and photoluminescence (PL) emission spectra can be tuned with 
particle sizes [2], [3], shape [4] and doping materials [5] due to 
quantum confinement effect. The electrons adjust their energies 
corresponding to boundaries when the particle size is 
comparable to electron wavelength. By doping Mn into ZnS 
nanocrystals, the luminescence efficiency enhances, and the 
lifetime shortens in comparison with the bulk material [6-7]. Mn-
doped ZnS is an example of II-VI diluted magnetic 
semiconductors, which exhibit ferromagnetic properties with 
useful semiconductor properties being preserved. This material 
is a promising candidate as spintronic device where an electron 
spin is exploited as an additional degree of freedom. For 
instance, in quantum computing, a spin polarized electron 
localized in a quantum dot can be used as a quantum bit. The 
key feature is to control spins. Due to the strong sp-d exchange 
interaction between localized spins and carriers, the spin 
polarization can be generated through the giant Zeeman effect 
by an external magnetic field. These features have been 
successfully implemented in a spin filter [8] and a spin-
polarization generator [9], [10]. 

 Due to the benefit of the quantum confinement and 
spintronics, the dilute magnetic nanocrystals are the prospective 
candidates. Owing to the high computational demand of the first-
principle and pseudo-potential calculation, a tight-binding model 
is an outstanding approach to study the dilute magnetic 
nanocrystals with experimentally synthesized sizes. This model 
is powerful in terms of electronic structure and density of states 
calculation, which is benchmarked consistently with first-principle 
calculation and requires much less computational resource. More 
details of computational formulation, accuracy, efficiency and 
applicability to various physical systems can be found, for 
example, in Ref. [11]. 

 In this work, we study the effects of Mn doping into 
ZnS nanocrystals on the electronic structure and density of states 
(DOS) of ZnS using empirical tight-binding calculation. Here, the 
atomistic models are proposed for these calculations. Moreover, 
we include the sp-d exchange interaction by using mean-field 
approximation and show its effects on the electronic structure 
and DOS. The paper is organized in the following. Sections 2 
and 3 describe the theoretical methodology used to construct the 
atomistic model for our tight-binding calculation, and simulation 
procedure. The simulation results are mainly analyzed and 
discussed in Section 4, followed by the summary and conclusion 
in Section 5
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Theory and related work 
Tight-Binding Model 
For quantitative analysis of Mn-doped ZnS nanocrystals, a simple but effective computational model based on the atomistic 

tight-binding theory is proposed to investigate the electronic structure and DOS. In the present study, the sp3d5s* tight-binding model 
with the first-nearest neighbor interaction is used in conjunction with the spin-orbital coupling to simulate the electronic wave functions 
and associate energies in Mn-doped ZnS nanocrystals with the zinc-blende structure. The carrier wave function is given by a linear 
combination of atomistic orbitals , localized on each atom , as defined by 

ψ = ∑ ∑ CR,α
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where N  is the total number of atoms. To obtain the single-particle spectra, the empirical tight-binding Hamiltonian TBH is 
diagonalized numerically, where 
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In Eq. (2), the operator †c (c )   creates (annihilates) the particle on the orbital  of atom . Here, R , R ' and R ,R ' 't    are the 
on-site empirical parameters, the spin-orbit coupling constant and the off-site empirical parameters given in Table 1; see also Ref.[12]. 
While doped Mn parameters of sp3s* orbital basis are kept the same for ZnS, but the d orbital parameters are chosen as following 
Ref.[13]: sdσ =  −3.16 eV, pdσ =  −2.95 eV, pdπ =  1.36 eV and Ed =  −6.45 eV. The hopping parameters V  
 

Table 1. Tight-binding parameters of ZnS bulk semiconductors [12] with a and c denoting anion and cation, respectively. 

 

corresponding to parameters t in Eq. (2) are described by the Slater-Koster rules [14]. 
 

sp-d Exchange interaction 
When a semiconductor contains localized magnetic 

ions such as Mn2+, their magnetic moments will interact with 
carriers and alter an energy level near the band edge. The 
exchange interaction Hex can be expressed as the Heisenberg 
Hamiltonian [15]: 

Hex =  − ∑ J(r⃑ − R⃑⃑⃑i)
R⃑⃑⃑i

σ̂ ∙ Ŝi                     (3) 

where Ŝi and σ̂ are spin operators of Mn2+and carriers, 
respectively. Here, J is the exchange coupling constant between 
carrier and magnetic ions; r⃑ and R⃑⃑⃑i are coordinates of the band 
electron and Mn2+, respectively. The summation is taken over 
the number of magnetic ions. 

Using the mean field approximation, Hex can be 
simplified and much easier to implement with the tight-binding 

calculation. This approach has been successfully used by many 
researchers [8], [9], [10]. In this approximation, the spin operator 
of a magnetic ion Ŝi is replaced by 〈Ŝ〉, which is the thermal 
average spin of all Mn ions. For a paramagnetic system, if the 
Mn ions are magnetized by an applied magnetic field in the z-
direction, 〈Ŝ〉 will have only the z-component 〈Sz〉, which is the 
mean spin value per Mn ion. It can be experimentally described 
by the Brillouin function Bs [16], as shown in Eq. (4). 

〈Sz〉 =  S0Bs (
gμBSB

kB(T − T0)
)                   (4) 

where g = 2 is the g-factor of magnetic ions; and S =5/2 is the 
Mn spin value. As usual, μB, kB, B and T are Bohr magneton, 
Boltzmann constant, applied magnetic field strength and 
temperature, respectively. The parameters S0 and T0 are 
effective spin saturation value and temperature correction. These 
parameters depend on the Mn mole fraction x, number of 

Hopping parameters 4Vs,s 4Vx,x 4Vx,y 4Vs,p  4Vp,s 4Vs∗,p 4Vp,s∗  

(eV) -6.30 3.11 5.00 5.16 5.17 2.89 1.75 

Onsite-energy εs,a εp,a εs,c εp,c εs∗,a εs∗,c λa λc 

(eV) -11.61 1.48 1.11 6.52 8.08 8.02 0.025 0.027 
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magnetic ion per cation. Consequently, the exchange 
Hamiltonian takes a form of Eq. (5), and it can be directly added 
to the original Hamiltonian HTB 

Hex =  −N0xσz〈Sz〉J                          (5) 
We note here that N0 is the total number of cations 

per unit volume, and the exchange integrals for the s-like and p-
like spatial coordinates are expressed by 
α =  ⟨s| J |s⟩  and β =  ⟨px| J |px⟩ =  ⟨py| J |py⟩ =

 ⟨pz| J |pz⟩, respectively. These model parameters can be 
extracted by matching computational and experimental results. 

The exchange integral parameters for Mn-doped II-VI 
DMS are referenced from Ref. [16], where we have chosen 
N0α = 0.26 eV and N0β = −1.31 eV. In low doping 
concentration, the effective spin saturation value S0 is 5/2 , 
following the experimental value [17].  

 

 

 
 

Figure 1. ZnS nanocrystals of different sizes (left: 1.6 nm, right 2.6 
nm) with 1% Mn-doped. Mn, Zn and S atoms are 
displayed in purple, yellow and grey, respectively. 

 

Computation details and procedure 
A tight-binding program based on the sp3d5s* orbital bases has 
been successfully employed in simulations. Full details 
description of the code can be found in Refs. [18-19]. In this 
work, we further implement the PRIMME model (see Refs.[20-
21] to diagonalize the empirical tight-binding matrix. Since the 
single-particle spectra are numerically obtained, the electronic 

structures are analyzed and compared. Next, the eigvenvalues 
and eigenfunctions computed from the tight-binding model are 
processed by Matlab code to compute important physical 
quantities such as DOS. 
 

Results and discussion 
In this section, we present and discuss our results on the 
electronic structure of properties of Mn-doped ZnS. To that end, 
we benchmark our results with other methods in case of undoped 
ZnS and Mn-doped ZnS. With Mn-doped ZnS, we include the sp-
d exchange interaction, and the results on the DOS are reported 
and discussed in Section 4.2. 

Mn-doped and undoped ZnS Benchmarked Results 
with other Methods 

ZnS nanocrystals are constructed to be a spherical 
shape with the zinc blende structure. The substitution of Mn atoms 
occurs at the central site, as shown in figure 1, corresponding to an 
observation from experiment [13]. Our simulation results of band 
gaps agree well with those from Ref. [22], in which their results are 
also consistent with experiment; see figure 2 (left). This indicates 
that our simulation program is reliable. For 1% Mn-doped ZnS, 
figure 2 (right) shows that the band gaps from tight-binding model 
are in the same trend with the experimental results [6]. With the 
increasing size, the reduction of the band gaps is realized due to 
the quantum confinement effect. 

In addition, we investigate the impact of the  
Mn concentrations on the band gaps. As evident in figure 3, the 
band gaps decrease with the increasing Mn doping concentrations 
(%). This trend is consistent with the experimental results [7], though 
our results yield a relatively small change of the band gaps. We 
remark here that the possible causes of the minor change and 
discrepancy between the tight-binding and experimental results are 
being investigated, and we believe that atomic relaxation could be 
one of such causes. In experiment, the atomic positions, hence 
lattice constant, in the nanocrystal are determined naturally. In the 
present work, a structural relaxation is numerically ignored, and the 
nanocrystals are always assumed to maintain the same lattice 
constant even after doping.  
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Figure 2. Comparison of energy gap of ZnS (without doping) with 

other simulation results (left); and of 1% Mn-doped ZnS 
with experimental results from Ref. [6] (right). 
 

Mn-doped ZnS including exchange interaction 
The sp-d exchange interaction is taken into account when the 
system contains magnetization, as the magnetization directly 
determines the mean spin value 〈Sz〉 , which is our input, by 
Brillouin function in Eq. (4),  
 

 
 

 

Figure 3. Effect of doping concentration on energy gaps in the 
comparison with experiment results from Ref. [7]. 

 

In this work, we limit our study on the maximum magnetization, 
which is 〈Sz〉 =  S0. The effect of the sp-d exchange interaction 
will be further analyzed by DOS, shown in figure 4.  
When we ignore the sp-d exchange interaction, the DOS of spin 
up and spin down are symmetric in every size, as shown by the 
dashed lines. When we consider the sp-d exchange interaction 
between localized magnetic ions and carriers, the DOS is no 
longer symmetric (solid lines) as can be clearly seen in figure 4 
(top left). With the increasing diameter of ZnS nanocrystals, the 
DOS becomes more symmetric, meaning that the magnetic 
property is gradually reduced. Therefore, the magnetic behavior 
is manipulated by nanocrystal sizes. 
 

Conclusion 
We have performed empirical tight-binding calculation to investigate 
the electronic structure and density of states of Mn-doped ZnS 
nanocrystals. Our simulations are benchmarked consistently with 
other simulation and experimental results. The computations 
underlying the electronic structures mainly depend on the diameters 
and Mn atoms. With the increasing size of the ZnS nanocrystals, 
the reduction of the band gap energy is exhibited because of the 
quantum confinement effect. As can be seen, the band gaps 
decrease with the increasing Mn doping concentration. In the 
presence of the sp-d exchange interaction between localized 
magnetic ions and carriers, the DOS is no longer symmetric. With 
the increasing diameters of ZnS nanocrystals, the magnetic 
property is gradually reduced. Therefore, the electronic and 
magnetic properties are significantly controlled by the size of the 
nanocrystals and Mn concentrations. 
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Figure 4. Density of states (DOS) of 1% Mn-doped ZnS comparing with undoped ZnS with different sizes are shown. The nanocrystal 
diameters are 1.1 nm (top left), 1.6 nm (top right), 2.1 nm (bottom left) and 2.6 nm (bottom right). DOS are calculated from 20 
lowest energy electron and holes states broadened by Gaussian function with σ = 0.08 eV.  
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